exhibit Friedel oscillation-like behavior. Bolstered with a theoretical model describing relativistic particles in a harmonic oscillator potential, our findings yield new insight into the spatial behavior of electrostatically confined Dirac fermions.
Electrons within graphene have previously been confined by lithographically patterned structures [7] [8] [9] [10] , graphene edges 11 , and chemically synthesized graphene islands [12] [13] [14] [15] , but these systems are either too contaminated for direct wavefunction visualization or utilize metallic substrates that prevent electrostatic gating. Electron confinement in graphene has also been induced through magnetic fields 16 and supercritical impurities 17 , but these methods are unwieldy for many technological applications. An alternative approach for confining electrons in graphene relies on using electrostatic potentials. However, this is notoriously difficult because Klein tunneling causes electric potentials to become transparent to massless Dirac fermions at normal incidence [1] [2] [3] [4] [5] . Nevertheless, it has been theoretically predicted that a circular graphene pn junction can localize Dirac electrons and form quasi-bound quantum dot states [18] [19] [20] [21] [22] [23] . A recent tunneling spectroscopy experiment by Zhao et al. 24 revealed signatures of electron confinement induced by the electrostatic potential created by a charged scanning tunneling microscope (STM) tip.
However, since the confining potential moves with the STM tip, this method neither allows spatial imaging of the resulting confined modes nor allows further patterning control of the confinement potential.
Here we employ a new patterning technique that allows the creation of stationary circular pn junctions in a graphene layer on top of hexagonal boron nitride (BN 26, 27 . Figure 1c shows the resulting , for a tip pulse centered in the top right corner. The interior blue region exhibits positive charge density (p-type) while the red region outside has negative charge density (n-type).
In order to spatially map the local electronic properties of such circular pn junctions, we examined a rectangular sector near a pn junction as indicated in Fig. 2a . Figure 2b shows a The data are plotted as d 2 I/dV s 2 (r,V s ) (where r is the radial distance from the center) to accentuate the striking oscillatory features (see Supplementary Information for dI/dV s (r,V s ) prior to differentiation). The energy level structure and interior nodal patterns are clearly evident.
Our observations can be explained by considering the behavior of massless Dirac fermions in response to a circular electrostatic potential. Due to Klein tunneling, a graphene pn junction perfectly transmits quasiparticles at normal incidence to the boundary but reflects them at larger angles of incidence 1,4,5 . In a potential well with circular symmetry electrons with high angular momenta are obliquely incident on the barrier and are internally reflected, thus leading to particle confinement and the formation of quasi-bound quantum dot states [19] [20] [21] [22] [23] [24] . As angular momentum is increased, electrons are repelled from the center of the potential by the centrifugal barrier, leading to an increase in the number of dI/dV s resonances that should be observable in spectroscopy measured away from the center 30 . This is consistent with our observation that the energy spacing between resonances (Δε) at the center (Fig. 2d) is approximately double the energy spacing at a point 100 nm away (Fig. 2f) . Scattered quasiparticles external to the potential boundary contribute to Friedel oscillations that radiate outwards, as seen in Fig. 3 . A circular graphene pn junction with an n-doped interior thus acts as a quantum dot for electron-like carriers and a quantum antidot for hole-like carriers (as in Fig. 3 ), and the reverse is true for pn Further insight into the nature of these confined modes can be gained by directly comparing constant-energy experimental dI/dV s line cuts (Fig. 4c) to the simulated quantum dot wavefunctions (Fig. 4d) . Here it is useful to label the confined states by a radial quantum number (Fig. 4d) . Thus we are able to attribute each experimental dI/dV s peak in Fig.   4c to a different ( , ) state since each eigenstate contributes most of its spectral weight to a single energy and radial position. Second, for massless Dirac fermions confined by a quadratic potential there happens to be strong energy alignment of the states k,l , kYc,lnT , … at low quantum numbers, indicating a near accidental degeneracy. This explains the origin of the multiple peaks observed in many of the dI/dV s line scans of Fig. 4c . These peaks have a spatial extent that is similar to the characteristic length scale * = ℏ 3 / c/Z ≈ 50 nm exhibited by Dirac equation solutions.
In conclusion, we have spatially mapped the electronic structure inside and outside of highly tunable quantum dots formed by circular graphene pn junctions. Within these quantum dots we observe the energy levels and nodal patterns that result from the electrostatic confinement of Dirac fermions. In the exterior region we observe Friedel oscillations that arise from the scattering of Dirac quasiparticles. In contrast to semiconductor quantum dots these graphene quantum dots are fully exposed and directly accessible to real-space imaging tools. The techniques presented here might be extended to more complicated systems such as multiple quantum dots [31] [32] [33] with variable coupling and arbitrary geometries.
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Methods:
Sample Fabrication. We fabricated our samples using a transfer technique developed by Zomer et al. 34 that uses 60-100 nm thick BN crystals (synthesized by Taniguchi and Watanabe 35 ) and 300 nm thick SiO 2 as the dielectric for electrostatic gating. Single-layer graphene was mechanically exfoliated from graphite and deposited onto methyl methacrylate (MMA) before being transferred onto BN previously exfoliated onto a heavily doped SiO 2 /Si wafer. The graphene was electrically grounded through a Ti (10 nm)/Au (40-100 nm) electrode deposited via electron beam evaporation using a shadow mask. Devices were annealed in Ar/H 2 gas at 350˚C before being transferred into our Omicron ultra-high vacuum (UHV) low temperature STM. A second anneal was performed overnight at 250-400˚C and 10 -11 torr.
Scanning tunneling microscopy and spectroscopy measurements. All STM measurements were performed at T = 4. 
